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Chronic hyperglycemia promotes insulin resistance at least in
part by increasing the formation of advanced glycation end
products (AGEs). We have previously shown that in L6 myo-
tubes human glycated albumin (HGA) induces insulin resist-
ance by activating protein kinaseC� (PKC�). Herewe show that
HGA-induced PKC� activation is mediated by Src. Coprecipi-
tation experiments showed that Src interacts with both the
receptor for AGE (RAGE) and PKC� in HGA-treated L6 cells. A
direct interaction of PKC� with Src and insulin receptor sub-
strate-1 (IRS-1) has also been detected. In addition, silencing of
IRS-1 expression abolishedHGA-inducedRAGE-PKC� co-pre-
cipitation. AGEs were able to induce insulin resistance also in
vivo, as insulin tolerance tests revealed a significant impairment
of insulin sensitivity in C57/BL6 mice fed a high AGEs diet
(HAD). In tibialismuscle ofHAD-fedmice, insulin-induced glu-
cose uptake and protein kinase B phosphorylation were
reduced. This was paralleled by a 2.5-fold increase in PKC�
activity. Similarly to in vitro observations, Src phosphorylation
was increased in tibialis muscle of HAD-fed mice, and co-pre-
cipitation experiments showed that Src interacts with both
RAGE and PKC�. These results indicate that AGEs impairment
of insulin action in the muscle might be mediated by the forma-
tion of a multimolecular complex including RAGE/IRS-1/Src
and PKC�.

Insulin resistance is genetically determined, but it may also
be affected by environmental conditions and by factors second-
ary to diseases (1). These acquired and secondary factors fur-
ther impair insulin action in diabetic individuals. For instance,
chronic hyperglycemia per se promotes insulin resistance (2, 3).
A number of mechanisms have been proposed to explain
hyperglycemia-induced insulin resistance. These include
abnormalities in the protein kinase C (PKC)3 signaling system
(4) and activation of the NF-�B transcription factors by chron-
ically elevated glucose concentrations (5, 6). Chronic hypergly-
cemia also leads to the production of Amadori products
through the nonenzymatic glycation reactions between glucose
and reactive amino groups of serumproteins.Depending on the
protein turnover rate and glucose concentration, Amadori
products undergo further irreversible reactions to form
advanced glycation end products (AGEs). Themodifications of
proteins that lead to their glycation induce alterations in bio-
logical properties as compared with their non-glycated coun-
terparts. Several studies have shown that elevated concentra-
tions of Amadori products such as glycated albumin (GA) are
associated with diabetic atherogenesis by activating vascular
smooth muscle cells (7). GA has also been implicated in the
development of diabetic retinopathy (8) by induction of vascu-
lar endothelial growth factor expression (9, 10) and the stimu-
lation of choroidal endothelial cell proliferation (11). Finally,
GA has been shown to participate in the development of dia-
betic nephropathy by the induction of cytokines and growth
factors (12), which may themselves contribute to diabetic renal
disease (13). In addition to those endogenously formed, AGEs
are abundant in exogenous sources such as foods, especially
when prepared under elevated temperatures (14, 15). After
ingestion, 10%of preformedAGEs are absorbed into the human
or rodent circulation (16, 17), 2⁄3 of which are retained in tissues.
Also, reduced intake of dietary AGEs has been shown to
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decrease the incidence of type 1 diabetes in non-obese diabetic
mice (18) as well as the formation of atherosclerotic lesions in
diabetic apolipoprotein E-deficient mice (19). Furthermore,
Vlassara and co-workers (20) have shown that reduced AGE
intake leads to lower levels of circulatingAGEs and to improved
insulin sensitivity in db/dbmice. Several AGE-binding proteins
have been identified, including lactoferrin, galectin-3 (AGE-
R3), lysozyme, and the receptor for AGE (RAGE) (21). RAGE is
a multiligand member of the immunoglobulin superfamily and
is expressed on the surface of a variety of cell types. By their
binding to RAGE, AGEs trigger a range of cellular responses.
RAGEhas been reported to activate intracellular signals includ-
ing theMAPK cascade and the cdc42/Rac pathway (22), leading
to amplification or progression of various diseases including
diabetic vascular complications (23), inflammation (24), and
tumor growth/metastasis (25). The cytoplasmic region of
RAGE is considered to be responsible for the binding of the
signaling molecule(s) (26). It has been demonstrated that
ERK1/2 interacts with the cytoplasmic region of RAGE after
stimulation with amphoterin (27). Furthermore, recent
studies have shown that STAT5 becomes activated and
physically interacts with RAGE upon glycated low density
lipoprotein stimulation (28). However, RAGE is devoid of
intrinsic catalytic activity. Src tyrosine kinase is required for
signaling events downstream of several receptors lacking
intrinsic tyrosine kinase activity, such as cytokine receptors.
Cho et al. (29) have shown that glycated low density lipopro-
tein (LDL) activates ERK1/2 via Src-, phospholipase C
(PLC)-, and PKC-dependent pathways, whereas native and
non-glycated LDL activate ERK1/2 by an Src-independent
mechanism. It has been recently reported that in vascular
smooth muscle cells derived from insulin-resistant and dia-
betic db/db mice, RAGE expression and Src activity are
increased compared with those from control mice. Further
studies showed that the RAGE ligand S100B induced Src
activation in a RAGE-dependent manner. Moreover, in vas-
cular smooth muscle cells Src activation is necessary for the
S100B-induced RAGE downstream signaling involving sev-
eral targets such as caveolin-1, MAPKs, NF-�B, and STAT3.
Interestingly, a PKC inhibitor could block S100B-induced
activation of MAPKs, suggesting a role for PKC in this event
(30). Recently, we have demonstrated that human glycated
albumin (HGA) pretreatment induces a selective activation
of PKC�. Insulin receptor substrate (IRS) serine/threonine
phosphorylation by HGA-activated PKC� inhibits insulin-
stimulated glucose metabolism without changes in growth-
related pathways regulated by insulin (31). However, the
intracellular signaling mechanism by which HGA induces
PKC� activation remains to be determined. In this work we
report that HGA and dietary AGEs induce the formation of a
complex including RAGE, PKC�, and Src in L6 cells and in
skeletal muscle from insulin-resistant HAD-fed mice,
respectively. In L6 cells HGA-mediated complex formation
requires the presence of IRS-1. We suggest that the forma-
tion of this complex may mediate the AGE-dependent inhi-
bition of insulin action in skeletal muscle cells in vitro and,
possibly, in vivo.

EXPERIMENTAL PROCEDURES

General—Media, sera, antibiotics for cell culture, and the
Lipofectamine reagent were from Invitrogen (Invitrogen).
Phospho-PKB and phospho-Src antibodies were purchased
from Cell Signaling Technology, Inc. (Beverly, MA). PKB,
IRS-1, phospho-Ser657 PKC�, phospho-Tyr antibodies were
purchased fromUpstate Biotechnology, Inc. (Lake Placid, NY).
PKC�, PKC�, PKC�, PKC�, and RAGE antibodies were from
Santa Cruz Biotechnology Inc. (Santa Cruz, CA). Src antibody
was from Calbiochem (EMD Chemicals, Inc. San Diego, CA).
The PKC assay system was from Promega (Madison, WI). Pro-
tein electrophoresis reagents were purchased from Bio-Rad,
and ECL reagents were from GE Healthcare. The IRS-1
ribozyme and control ribozymewere generous gifts ofM.Quon
(National InstitutesofHealth,Bethesda,MD).PP1 (4-amino-5-(4-
methylphenyl)-7-(t-butyl)pyrazolo[3,4-d]-pyrimidine) was from
Alexis Biochemicals (San Diego CA). Soluble RAGE was kindly
provided by A. Bierhaus (University of Heidelberg, Heidelberg,
Germany). All other chemicals were from Sigma.
Cell Culture and Transfection—The L6 skeletal muscle cells

were plated (6 � 103 cells/cm2) and grown in Dulbecco’s mod-
ified Eagle’smedium containing 1 g/liter glucose supplemented
with 2% (v/v) fetal bovine serum and 2 mM glutamine. Cultures
were maintained at 37 °C in a humidified atmosphere contain-
ing 5% (v/v) CO2. Under these culture conditions, L6myoblasts
spontaneously differentiate into myotubes upon confluence.
Transient transfections of IRS-1 and control ribozymes and of
the kinase-inactive Src were performed by the Lipofectamine
method according to the manufacturer’s instruction. The cells
were incubated for the appropriated times with 0.1 mg/ml of
HGAor non-glycated human serum albumin (HA) as a control.
Where indicated, cells were pretreated for 1 h with 50 �M

PD98059, 30minwith 50 nMwortmannin, 2 hwith 5�MPP1, or
30 min with 10 �M U73122 or 5 �M U73343 before the incuba-
tion with HGA. Where indicated, 50 �g/ml of soluble RAGE
(sRAGE) were added together with HGA for the appropriated
times (32).
Characterization of Glycated Human Serum Albumin—Gly-

cated and nonglycated human serum albumin were purchased
from Sigma. The glycated serum albumin contained 2–5mol of
fructosamine/mol of albumin. The human glycated and nong-
lycated albumin preparations were tested for carboxymethyll-
ysine (CML) concentrations and the extent of lysine and argi-
nine modifications as already described (31). Each batch was
tested for possible insulin-like growth factor-I contamination
by IGF-I-D-RIA-CT (BioSource Europe,Nivelles, Belgium) and
the absence of endotoxin (lipopolysaccharide) by the use of
Limulus amebocyte lysates assay (Sigma). Each human glycated
albumin batch was reconstituted at 10 mg/ml with sterile PBS
and, to avoid glycoxidation, thereafter immediately frozen at
�30 °C until use. The results obtained are summarized inTable
1 and show the absence of significant modifications in the
extent of free lysine and arginine residues between the two
preparations. Furthermore, the batches were found not to con-
tain IGF-I and to be bacterial endotoxin-free. The physico-
chemical properties determined for our HGA preparation
demonstrate that the effects observed in L6 myotubes are the
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consequence of glycated albumin present essentially as a gly-
cated Amadori product.
Immunoblotting, Overlay Blot, PKC Assay, and Determina-

tion of Diacylglycerol (DAG) Cellular Content—Cell lysates
were solubilized as described in Miele et al. (31). Mice were
sacrificed by cervical dislocation, and tibialis and soleus muscle
samples were collected rapidly and homogenized as previously
reported (33). Tissue homogenates and cell lysates were then
separated by SDS-PAGE and analyzed by Western blot as
described (34). Cell lysates immunoprecipitations were accom-
plished as described in Oriente et al. (35). Overlay blotting with
biotinylated PKC� was performed as reported previously (34).
Filters were revealed by ECL and autoradiography. Upon
immunoprecipitation with anti-PKC� or anti-RAGE antibod-
ies, PKC activity was assayed using the SignaTECT PKC assay
system (Promega) according to themanufacturer’s instructions
as described in Oriente et al. (35). DAG content was quantified
radioenzymatically by incubating aliquots of the lipid extract
withDAGkinase and [32P]ATP as described previously (36, 37).
Animals andTreatment—4-Week-oldC57/BL6 femalemice

(n 20) were purchased from the Charles River Laboratories
(Milan, Italy). Animals were kept under a 12-h light/12-h dark
cycle, and all experimental procedures and euthanasia
described below were approved by Institutional Animal Care
and Utilization Committee. After 1 week of adjustment, C57/
BL6 mice were randomly divided into two groups and placed
for 20 weeks on two commercially available standard rodent
diets similar in nutritional and caloric content (Table 2) but
with different AGEs content. Research Diets formula D12328
(Research Diets, Inc., New Brunswick, NJ) was used for the low
AGE diet (LAD), and PicoLab Rodent Diet 20 exposed to an
additional step of autoclaving at 120 °C for 30 min (Labdiet;

Purina Mills, St. Louis, MO) was used for the high AGE diet
(HAD) (20). Fasting blood glucose and bodyweights weremon-
itored biweekly. After 1 week of adjustment, food intake (in
grams of food) of individual mice was recorded daily for 1 week
at week 1, 11, and 22.
Skeletal muscles (quadriceps) of a group of 12 age-

matched C57/BL6 mice were injected with 50 mg/kg gly-
cated albumin (4 mice), non-glycated albumin (4 mice), or
PBS (4 mice). Another group of 12 mice were treated with
the same concentrations of glycated and non-glycated albu-
min, but the compounds were delivered by tail vein injection.
Mice were sacrificed after 24 h by cervical dislocation, and
muscle samples were collected rapidly and homogenized as
previously reported (33).
AGEs Determination, Metabolite Assays, and 2-Deoxy-D-[1-

3H]Glucose Uptake in Vivo—CML concentrations were deter-
mined by using a CML-enzyme-linked immunosorbent assay
kit as described in Miele et al. (31). Fasting and fed blood glu-
cose levels were measured with glucometer (A. Menarini Diag-
nostics, Florence, Italy). Insulin tolerance tests, glucose toler-
ance tests, and serum insulinmeasurements were performed as
previously described (33). Fasting plasma free fatty acid levels
weremeasuredwithWakoNEFACkit (WakoChemicals, Rich-
mond, VA), and triglycerides were measured with the Infinity
triglyceride reagent (Sigma-Aldrich). For analyzing glucose uti-
lization by skeletal muscle, an intravenous injection of 1�Ci of
the non-metabolizable glucose analog 2-deoxy-D-[1-3H]glu-
cose (GEHealthcare) and an intraperitoneal injection of insulin
(0.75 milliunits/kg of body weight) were administered to ran-
dom-fed mice. The specific blood 2-deoxy-D-[1-3H]glucose
clearance was determined with 25-�l blood samples collected
from the tail vein obtained 1, 15, and 30 min after injection as
previously reported (33).
Statistical Analysis—Data were analyzed with Statview

software (Abacus Concepts) by one-factor analysis of vari-
ance and are expressed as the means � S.D. Statistical sig-
nificance was evaluated using Student’s t test for unpaired
comparison. A value of p � 0.05 was considered statistically
significant. The total area under the curve for glucose
response during the insulin tolerance tests and the glucose
tolerance tests was calculated by the trapezoidal method.

RESULTS

Role of HGA-activated Src in PKC� Activation in L6 Skeletal
Muscle Cells—To investigate the molecular mechanisms of
PKC� activation by AGEs, HGA-induced PKC� activity was
measured in L6 cells treated with different pharmacological
inhibitors to selectively block ERK1/2, phosphatidylinositol
3-kinase, and Src. PKC� activity in response to HGA was
unchanged upon treatment of L6 cells with PD98059 and wort-
mannin, which inhibit ERK1/2 and phosphatidylinositol 3-ki-
nase, respectively (Fig. 1a). At variance, preincubation with the
Src inhibitor PP1 or the expression of a dominant negative
kinase-inactive Src (SrcDN) (38) reduced by almost 70% HGA-
induced PKC� activity (Fig. 1a). Therefore, the levels of Src
phosphorylation onTyr416 have been evaluated in L6myotubes
upon incubation for 24 h with HGA in the presence or absence
of either PP1 or SrcDN. Src phosphorylation was increased by

TABLE 1
Characteristics of glycated human albumin
Modification ratio of HGA was expressed as a percent of non-glycated human
albumin modifications used as control.

Non-glycated human
albumin

Glycated human
albumin

CML/mg protein 55 ng 195 ng
Lys modification (%) 100 94.9 � 3.2
Arg modification (%) 100 91.6 � 1.5
IGF-1 Undetectable Undetectable
LPS Undetectable Undetectable

TABLE 2
Characteristics of HAD and LAD

Nutrients HAD LAD
Protein (%) 20.5 18.5
Fat (%) 4.7 4.0
Carbohydrate (%) 54.8 58.6
Fiber (%) 5.5 6.0
Niacin (mg/kg) 93 55
Folic acid (mg/kg) 2.9 1.92
Pantothenic acid (mg/kg) 17 14,4
Biotin (mg/kg) 0.1 0.279
Cholin (mg/kg) 1000 1000
Vitamin A (IU/kg) 2500 4400
Vitamin D3 (IU/kg) 2200 1260
Vitamin E (IU/kg) 99 49.5
Vitamin B1 (mg/kg) 18 13.5
Vitamin B2 (mg/kg) 8 6.74
Vitamin B6 (mg/kg) 7.8 5.98
Vitamin B12 (mg/kg) 0.018 0.027
Caloric profile (kcal/g) 3.4 3.7
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HGA, but this effect was prevented by PP1 treatment (Fig. 1b)
and by overexpression of SrcDN (Fig. 1c). Furthermore, both
HGA-induced PKC� (Fig. 2a) and Src (Fig. 2b) activation were
inhibited by the addition of an excess of sRAGE. To investigate
the possibility that HGA-activated Src could directly regulate
PKC� activity, we first measured in L6 myotubes PKC� tyro-

sine phosphorylation after HGA incubation for 24 h. As shown
in Fig. 3a, HGA induced a 3-fold increase of the tyrosine phos-
phorylation of PKC�. This effect was abolished in the presence
of PP1.
Role of PLC and Phospholipase D (PLD) in HGA-induced

PKC� Activation in L6 SkeletalMuscle Cells—DAG is themain
endogenous activator of classical PKCs (37).We, therefore, per-
formed thin-layer chromatography to evaluate DAG levels in
response to HGA treatment for 24 h in the presence or absence
of PP1. HGA caused a �5-fold increase (p � 0.001) in the
amount of DAG in L6 skeletal muscle cells. Interestingly, the
HGAeffect onDAG levelswas significantly reduced (p� 0.001)
when cells were treated with PP1 (Fig. 3b). In response to extra-
cellular stimuli, DAG is mainly generated through the action of
PLC and PLD (37). To clarify the role of PLC and PLD in HGA-

FIGURE 1. HGA-activated Src mediates PKC� activation in L6 skeletal
muscle cells. a, L6 skeletal muscle cells were incubated with 0.1 mg/ml HA or
HGA for 24 h in the absence or in the presence of 50 �M PD98059, 50 nM

wortmannin (WM), or 5 �M PP1. PKC� activity was assayed in the immunopre-
cipitates as described under “Experimental Procedures.” PKC� activity was
measured also in L6 cells transfected with the empty vector pSG5 (mock) or
with the vector pSG5 expressing a kinase-inactive Src protein (SrcDN) and
then incubated with 0.1 mg/ml HA or HGA for 24 h. Bars represent the mean �
S.D. of three independent experiments. b, L6 cells were incubated with 0.1
mg/ml HA or HGA for 24 h in the absence or in the presence of 5 �M PP1, lysed
as described under “Experimental Procedures”; lysates were then separated
by SDS-PAGE followed by immunoblotting with antibodies to phosphoty-
rosine 416 Src or total Src. The autoradiographs shown are representative of
four independent experiments. c, cell lysates of L6 skeletal muscle cells trans-
fected with the empty vector pSG5 (mock) or with the vector pSG5 expressing
a kinase-inactive Src protein (SrcDN) and treated as in b were then separated
by SDS-PAGE followed by immunoblotting with antibodies to phosphoty-
rosine 416 Src or total Src. The autoradiographs shown are representative of
three independent experiments. *, statistically significant differences (*, p �
0.1; **, p � 0.01; ***, p � 0.001).

FIGURE 2. sRAGE abrogates HGA-activated Src and PKC� activation in L6
skeletal muscle cells. a, L6 skeletal muscle cells were incubated with 0.1
mg/ml HA or HGA for 24 h in the absence or in the presence of 50 �g/ml
sRAGE. PKC� activity was assayed in the immunoprecipitates as described
under “Experimental Procedures.” Bars represent the mean � S.D. of three
independent experiments. b, L6 skeletal muscle cells were incubated with 0.1
mg/ml HA or HGA for 24 h in the presence or in the absence of 50 �g/ml
sRAGE, lysed as described under “Experimental Procedures”; lysates were
then separated by SDS-PAGE followed by immunoblotting with antibodies to
phosphotyrosine 416 Src or total Src. The autoradiographs shown are repre-
sentative of three independent experiments. *, statistically significant differ-
ences (**, p � 0.01; ***, p � 0.001).
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induced PKC� activation, we evaluated PKC� phosphorylation
levels in L6 cells treated or not with the PLD1 inhibitor 1-buta-
nol, the PLC inhibitor U73122, and its inactive structural ana-
logue U73343. PKC� activation, measured as Ser657 phospho-
rylation, was unaffected by preincubation with 1-butanol but
was abolished by treatment with U73122 (Fig. 4a). By contrast,
treatment with U73343 did not modify HGA effect on PKC�
phosphorylation (Fig. 4b).
HGA-induced Association of PKC�, Src, and RAGE in L6

Skeletal Muscle Cells—To investigate the ability of HGA to
induce the formation of a molecular complex between Src,
RAGE, and/or PKC�, lysates from HGA-stimulated or
untreated L6myotubes were precipitatedwith anti-RAGE anti-
body and blotted with anti-Src or anti-PKC� antibodies. As
shown in Fig. 5a, HGA treatment increased RAGE coprecipita-
tion with both Src and PKC�.

Western blotting of RAGE immunoprecipitates with anti-
bodies against PKC�, PKC�, and PKC� revealed that these PKC
isoforms did not co-precipitate with RAGE after HGA treat-
ment for 24 h. By contrast, HGA induced the association of
RAGE with PKC� (Fig. 5b). Furthermore, RAGE-associated
PKC� activity increased in a time-dependent manner after
HGA incubation, reaching a 2-fold increase after 24 h (Fig. 5c).
Thus, uponAGEs treatment RAGEmay form amultimolecular
complex including Src and PKC�. Next, cell lysates were pre-
cipitated with RAGE antibodies and tested in overlay assays for
their ability to bind recombinant biotinylated PKC�. Two
major bands of 180 and 65 kDa were revealed upon HGA stim-
ulation of the cells, whereas no bands corresponding to the

FIGURE 3. Role of Src in HGA-induced PKC� activation in L6 skeletal
muscle cells. a, lysates from L6 skeletal muscle cells treated or not with 0.1
mg/ml HA or HGA for 24 h in the absence or in the presence of 5 �M PP1
were precipitated (IP) with selective anti-PKC� antibodies and immuno-
blotted (WB) with anti-phosphotyrosine or anti-PKC� antibodies. The
autoradiographs shown are representative of three independent experi-
ments. b, L6 skeletal muscle cells were incubated with 0.1 mg/ml HA or
HGA for 24 h in the absence or in the presence of 5 �M PP1. Lipids were
extracted, and determination of DAG levels was performed as described
under “Experimental Procedures.” [32P]Phosphatidic acid was separated
by TLC and quantitated by densitometric analysis. Bars represent the
mean � S.D. of values obtained from three independent experiments in
duplicate. The autoradiographs shown are representative of three inde-
pendent experiments. *, statistically significant differences (**, p � 0.01;
***, p � 0.001).

FIGURE 4. Role of PLC and PLD in HGA-induced PKC� activation in L6
skeletal muscle cells. Cell lysates of L6 skeletal muscle cells incubated with
0.1 mg/ml HA or HGA for 24 h in the absence or in the presence of 0.3%
1-butanol or 10 �M U73122 (a) or 5 �M U73343 (b) were then immunoprecipi-
tated with anti-PKC� antibody and immunoblotted with antibodies to phos-
pho-PKC� or to PKC�. The autoradiographs shown are representative of
three independent experiments. *, statistically significant differences (**, p �
0.01; ***, p � 0.001).
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molecularmass of RAGEwere detected (Fig. 6a). This indicates
that RAGE/PKC� is not a direct interaction. Both the apparent
molecular mass andmass spectrometric analysis indicated that
the 180-kDa species corresponded to IRS-1, whereas the
65-kDa was identified as c-Src. Western blot with anti-IRS-1
and anti-PKC� antibodies performed on immunoprecipitates
anti-RAGE revealed that HGA treatment increased RAGE co-
precipitation with both IRS-1 and PKC� (Fig. 6b).

Role of IRS-1 and Src in PKC� and RAGE Association in L6
Skeletal Muscle Cells—To address the functional role of IRS-1
and Src in the activation of PKC� induced by HGA, we evalu-
ated the effect of IRS-1 or Src inhibition on RAGE/PKC� asso-
ciation. L6 cells were transfected with a specific IRS-1-ri-
bozyme (39), which specifically inhibited IRS-1 expression by
about 80% without affecting PKC� levels (Fig. 7a). In untrans-
fected L6 cells, 24 h of HGA treatment induced the association
of RAGE with PKC� (Fig. 7b). Interestingly, the transfection of
IRS-1-ribozyme abolishedHGA-induced RAGE/PKC� co-pre-
cipitation (Fig. 7b). Furthermore, ribozyme-mediated inhibi-
tion of IRS-1 expression blocked the RAGE-associated PKC
activity induced by HGA (Fig. 7c). The general PKC inhibitor
bisindolyl maleimide was used as a control of PKC activity
(Fig. 7c).

FIGURE 5. HGA-induced association of PKC�, Src, and RAGE in L6 skeletal
muscle cells. a, lysates from L6 skeletal muscle cells treated or not with 0.1
mg/ml HA or HGA for 24 h were precipitated (IP) with preimmune serum (PI)
or with selective anti-RAGE antibodies and immunoblotted with anti-PKC�,
anti-Src, or anti-RAGE antibodies. The autoradiographs shown are represent-
ative of three independent experiments. b, lysates from L6 skeletal muscle
cells treated as above were precipitated with selective anti-RAGE antibodies
and immunoblotted with PKC�, PKC�, PKC�, or PKC� antibodies. The autora-
diographs shown are representative of three independent experiments. c, L6
skeletal muscle cells were treated with 0.1 mg/ml HA or HGA for the indicated
times. Cells were lysed, cell lysates were then precipitated with selective anti-
RAGE antibodies, and PKC activity was measured as described under “Exper-
imental Procedures.” Bars represent the mean � S.D. of values obtained from
three independent experiments in duplicate. *, statistically significant differ-
ences (***, p � 0.001).

FIGURE 6. HGA induced the association of IRS-1 with PKC� and RAGE in L6
cells. a, L6 skeletal muscle cells were treated with 0.1 mg/ml HA or HGA for
24 h. Cells were lysed as described under “Experimental Procedures,” and
lysates were then precipitated (IP) with selective anti-RAGE antibodies and
loaded on SDS-PAGE. Gels were then transferred onto nitrocellulose filters
and incubated with recombinant biotinylated PKC� (OB PKC�) as described
under “Experimental Procedures” (left panel). Cell lysates precipitated with
selective anti-RAGE antibodies were also immunoblotted (WB) with PKC�
antibody (right panel). The autoradiographs shown are representative of
three independent experiments. b, lysates from L6 skeletal muscle cells
treated as above were precipitated with pre-immune serum (PI) or selective
anti-RAGE antibodies and loaded on SDS-PAGE. Gels were then transferred
on nitrocellulose filters and immunoblotted with anti-IRS1, anti-PKC�, or anti-
RAGE antibodies. The autoradiographs shown are representative of three
independent experiments.
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These results suggest a key role of IRS-1 inmediating RAGE/
PKC� interaction. Moreover, inhibition of Src activity by PP1
or the SrcDN prevented the stimulatory effect of HGA on
RAGE-associated PKC� activity (Fig. 7d).
Effect of DietaryAGEs onBodyWeight, Food Intake, and Fast-

ing Blood Metabolite Levels—C57/BL6 mice were fed either
LAD or HAD. As assessed by detection of CML-like immuno-
epitopes, AGE content was about 3-fold higher in HAD com-
paredwith LAD (data not shown). Because the daily food intake
was equal between HAD- and LAD-fed mice (Table 3), HAD-
fed mice ingested �3-fold more CML than the LAD-fed mice.

This was reflected in part in the fast-
ing serum CML-adducts levels,
which were 2-fold higher in HAD-
fed animals than in LAD-fed ani-
mals (LAD-fed mice 68 � 8
units/ml versus HAD-fed mice
131 � 6 units/ml; n � 8/group, p �
0.02). Thus, steady-state serum lev-
els of AGEswere consistentwith the
estimated content in the dietary for-
mulas. Mice from either diet group
showed no significant differences in
body weight measured during the
entire period of diet (Table 3).
Within 11 weeks of treatment, fast-
ing glucose levels in HAD-fed mice
were significantly increased by 1.3-
fold as compared with LAD-fed
mice and became 1.5-fold higher up
to 22 weeks of diet. At week 22,
HAD-fed mice also featured a 1.4-
fold increase in fasting insulin levels
compared with LAD-fed animals
(Table 3). Similarly, fasting non-
esterified free fatty acid and trig-
lyceride blood concentrations in
HAD-fed mice were increased by
1.25- and 1.60-fold, respectively,
suggesting the presence of insulin
resistance in these animals (Table
3). Interestingly, fasting non-esteri-
fied free fatty acid and triglycerides
in mice were also increased by 1.3-
fold after 9weeks ofHADdespite no
significant differences in fasting glu-
cose levels (Table 3).
Glucose Tolerance and Insulin

Sensitivity in HAD- and LAD-fed
Mice—We then investigated the
effect of HAD on glucose tolerance
by intraperitoneal glucose loading
(2 mg/kg) at week 22. In HAD-fed
mice, blood glucose levels remained
significantly higher than in LAD-fed
mice (area under the curve, 7680 �
3200 in HAD-fed mice versus
4791 � 1770 in LAD-fed mice, p �

0.05). To determine possible alterations in insulin sensitivity,
we performed insulin tolerance tests. In LAD-fed mice, intrap-
eritoneal injection of insulin (0.75 milliunits/g of body weight)
caused a severe decrease in blood glucose levels. This decrease
achieved a maximum (70%; p � 0.005) after 45 min and was
maintained for further 75 min. At variance, insulin reduced
glucose levels by only 50% after 45 min in HAD-fed mice fol-
lowed by a progressive rescue of the initial blood glucose con-
centration over the following 75 min (area under the curve,
9848 � 3000 in HAD-fed mice versus 5267 � 1700 in LAD-fed
mice, p � 0.0001) (Fig. 8a). Insulin sensitivity was already

FIGURE 7. IRS-1 and Src are necessary for HGA-induced association of PKC� and RAGE in L6 cells. a, L6
skeletal muscle cells were transfected with a specific IRS-1-ribozyme (IRS1-rib) or a control ribozyme (c-rib)
as described under “Experimental Procedures.” Cells were then treated or not with 0.1 mg/ml HA or HGA
for 24 h. Cells were lysed as described under “Experimental Procedures,” and lysates were then immuno-
blotted with IRS1 or PKC� antibodies. The autoradiographs shown are representative of three independ-
ent experiments. b, lysates from L6 skeletal muscle cells treated as above were precipitated (IP) with
selective RAGE antibodies and loaded on SDS-PAGE. Gels were then transferred on nitrocellulose filters
and immunoblotted with PKC� or RAGE antibodies. The autoradiographs shown are representative of
three independent experiments. c, L6 skeletal muscle cells were transfected with a specific IRS-1-ribozyme
(IRS-1-rib) or a control ribozyme (c-rib) as described under “Experimental Procedures” then treated or not
with 0.1 mg/ml HA or HGA for 24 h in the absence or presence of 100 nM bisindolyl maleimide. Cells were
lysed, cell lysates were then precipitated with selective anti-RAGE antibodies, and PKC activity was meas-
ured as described under “Experimental Procedures”. d, L6 skeletal muscle cells were incubated with 0.1
mg/ml HA or HGA for 24 h in the absence or in the presence of 5 �M PP1. Alternatively, L6 skeletal muscle
cells were also mock-transfected or transfected with a kinase-inactive dominant negative Src (SrcDN), as
described under “Experimental Procedures” and then incubated with 0.1 mg/ml HA or HGA for 24 h. Cells
were lysed, cell lysates were then precipitated with selective anti-RAGE antibodies, and PKC activity was
measured as described under “Experimental Procedures.” Bars represent the mean � S.D. of three inde-
pendent experiments. *, statistically significant differences (**, p � 0.01, ***, p � 0.001).
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reduced inmice after 9 weeks of HAD, as shown in Fig. 8b (area
under the curve, 8522 � 2419 in HAD-fed mice versus 5920 �
1215 in LAD-fed mice, p � 0.01).
Effect of HAD on Glucose Uptake, PKB/Akt, and PKC� Acti-

vation in Vivo—In cultured L6 skeletal muscle cells, incubation
withHGA causes resistance to insulin action on glucose uptake

(31). We, therefore, tested whether HAD also impairs insulin
stimulation of the glucose transport machinery in vivo. Insulin-
stimulated glucose uptake in the quadriceps and tibialis mus-
cles from 22-week HAD-fed animals was decreased by 42 and
56%, respectively, compared with the LAD-fed mice (Fig. 8, c
and d). Insulin-stimulated glucose uptake was reduced also in
the quadriceps from 9-week HAD-fedmice (Fig. 8c). In parallel
with the decreased glucose uptake, phosphorylation of PKB/
Akt in response to insulinwas also significantly reduced in skel-
etal muscles from HAD-fed mice (Fig. 9, a and b). This abnor-
mality was accompanied by no significant change in the total
PKB/Akt levels.Wehave previously demonstrated that the neg-
ative effects of HGA on insulin metabolic signaling in L6 myo-
tubes are specifically mediated by PKC� (31). We, therefore,
measured PKC�-specific activity in muscles from both HAD-
and LAD-fed mice. As shown in Fig. 9c, PKC� specific activity
measured in fasting conditions was increased by 2.3- and 1.8-
fold in muscles from 22- and 9-week HAD-fed mice, respec-
tively, compared with LAD-fed mice. Thus, AGEs modulate
insulin signaling and PKC� activity in vivo as well as in cultured
cells.
HAD-induced Src Activation and Association of PKC�, Src,

and RAGE inMice Skeletal Muscles—To investigate the abil-
ity of HAD to activate Src and to induce the formation of the
complex between Src, RAGE, and/or PKC� in vivo, muscle
tissue lysates from HAD- or LAD-fed mice were blotted with
anti-phospho-Src Tyr416 antibody. An �2-fold increase of
Src phosphorylation was observed in tibialis muscle from
both 9- and 22-week HAD-fed mice compared with LAD-fed
mice (Fig. 10). Furthermore, as shown in Fig. 11, RAGE
coprecipitation with both Src and PKC� was increased in
lysates from muscles from C57/BL6 HAD-fed mice when
compared with LAD-fed mice. An increase of RAGE-associ-
ated PKC� activity was also observed in HAD fed mice (data
not shown).
Glycated Albumin-induced PKC� and Src Activation inMice

Skeletal Muscles—To further support the role of AGEs in the
activation of both PKC� and Src in vivo, C57/BL6 mice were
injected with HGA either directly in the skeletal muscle (GA-
Im) or in the tail vein (GA-Iv) as described under “Experimental
Procedures.” Muscle tissue lysates from GA-Im and GA-Iv
mice were blotted with either anti-phospho PKC� (Fig. 12, a, c,
e, and g) or Src Tyr416 antibody (Fig. 12, b, d, f, and h). An
�2-fold increase of both PKC� (Fig. 12, a and c) and Src phos-
phorylation (Fig. 12, b and d) was observed in quadriceps from
GA-Im mice compared with mice treated with vehicle alone

FIGURE 8. Insulin sensitivity and glucose transport in LAD- and HAD-
fed mice. a, 4-week-old female mice of the C57/BL6 strain were fed a LAD
or a HAD diet as described under “Experimental Procedures.” At week (w)
22 (a) and week 9 (b) mice were injected intraperitoneally with insulin
(0.75 milliunits/g of body weight) followed by determinations of blood
glucose levels at the indicated times. Values are expressed as the means �
S.D. c and d, mice fed LAD or HAD for 9 or 22 weeks were subjected to
intravenous injection of 1 �Ci of 2-deoxy-D-[1-3H]glucose and intraperito-
neal injection of insulin. Quadriceps (c) or tibialis (d) muscles were
removed 30 min after and snap-frozen in liquid nitrogen. 2-Deoxy-D-[1-
3H]glucose accumulated in muscle tissues was quantitated as described
under “Experimental Procedures.” Bars represent mean values � S.D. of
determinations in at least seven mice/group. *, statistically significant dif-
ferences (*, p � 0.05; **, p � 0.01; ***, p � 0.001).

TABLE 3
Mice were analyzed as described under “Experimental Procedures.” Data are the the means � S.D. of determinations in
12 LAD- and 12 HAD-fed mice

LAD HAD
Base line Week 9 Week 11 Week 22 Base line Week 9 Week 11 Week 22

Food intake (g/day) 3.30 � 0.10 3.46 � 0.20 3.44 � 0.14 4.30 � 0.24 3.50 � 0.22 3.88 � 0.15 3.58 � 0.15 4.04 � 0.20
Weight (g) 14.3 � 2.2 20.4 � 1.0 20.8 � 1.6 23.1 � 1.7 14.4 � 1.8 20.4 � 0.9 20.5 � 1.6 22.2 � 0.8
Fasting blood glucose (mg/dl) 69 � 13 69 � 22 79 � 16 80 � 12 68 � 10 78 � 12 103 � 15a 117 � 12b
Fasting serum insulin (mmol/liter) ND ND ND 4.99 � 1.18 ND ND ND 7.48 � 2.70a
Fasting NEFA (mmol/liter) ND 0.35 � 0.07 ND 0.43 � 0.08 ND 0.45 � 0.02c ND 0.53 � 0.09c
Fasting triglycerides (mg/ml) ND 0.49 � 0.02 ND 0.59 � 0.12 ND 0.64 � 0.07c ND 0.95 � 0.27c

a p � 0.01.
b p � 0.001.
c p � 0.05.
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(PBS) or with non-glycated albumin (HA). Furthermore, both
PKC� (Fig. 12, e and g) and Src phosphorylation (Fig. 12, f andh)
were increased by 2.5- and 1.8-fold, respectively, in muscle
lysates from GA-Iv mice when compared with PBS or
HA-treated mice.

DISCUSSION

We have previously shown that in L6 skeletal muscle cells
chronic exposure to HGA selectively inhibits the phosphatidyl-

FIGURE 9. Effect of LAD and HAD on PKB/Akt and PKC� activation in vivo.
a, 4-week-old female mice of the C57/BL6 strain were fed a LAD or a HAD diet as
described under “Experimental Procedures.” At week (w) 22 (a) and week 9 (b),
mice were injected intraperitoneally with insulin (0.125 milliunits/g of body
weight), and muscle tissues were collected and homogenized. Tissue homoge-
nates were subjected to SDS-PAGE followed by immunoblotting with antibodies
to phosphoserine 473 PKB/Akt and to PKB/Akt as a control. PKB/Akt phosphoryl-
ation was analyzed by densitometry. Bars represent the mean � S.D. of three
different experiments. c, at week 9 or at week 22 muscle tissues homogenates
were subjected to immunoprecipitation with PKC�antibodies, and specific PKC�
activity was measured as described under “Experimental Procedures.” Bars rep-
resent the mean � S.D. of three independent experiments. *, statistically signifi-
cant differences (**, p � 0.01; ***, p � 0.001).

FIGURE 10. Effect of LAD and HAD on Src activation in vivo. a, tibialis mus-
cle homogenates from 22 weeks (w) LAD- or HAD-fed mice were separated by
SDS-PAGE followed by immunoblotting with antibodies to phosphotyrosine
416 Src or total Src. The autoradiographs shown are representative of three
independent experiments. b, densitometric analysis of phosphotyrosine 416
Src normalized on total Src. c, tibialis muscle homogenates from 9-week LAD-
or HAD-fed mice were separated by SDS-PAGE followed by immunoblotting
with antibodies to phosphotyrosine 416 Src or total Src. The autoradiographs
shown are representative of three independent experiments. d, densitomet-
ric analysis of phosphotyrosine 416 Src normalized on total Src. *, statistically
significant differences (*, p � 0.05).
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inositol 3-kinase/PKB pathway in the insulin signaling cascade
while leaving the Ras-ERK activation and mitogenic action of
the hormone unaltered (31). In L6myotubes the HGA-induced
alteration of insulin metabolic signals is paralleled by an
increase of serine/threonine phosphorylation of the IRSs spe-
cifically mediated by the activation of PKC� independently of
reactive oxygen species (31). Previous studies have shown that
the PKC family of serine/threonine kinases is implicated in
development of insulin resistance (40, 41). The PKC family is
composed of several isoforms, divided into three groups
according to their structure and activation mechanisms (42).
The atypical isoforms play a positive role in glucose transport
(43), whereas classical isoforms are involved in generation of
insulin resistance. It is well established that PKC� and -� are
able to phosphorylate insulin receptor and IRSs on serine and
threonine residues, inhibiting their tyrosine phosphorylation
(44–46).
Importantly, our studies revealed that in L6 cells inhibition of

Src kinase, either by a specific pharmacological inhibitor such
as PP1 or by transfecting a dominant negative form of the
kinase, prevents the HGA-induced increase in PKC� activity,
suggesting a key role for Src in this event. Interestingly, PKC� is
tyrosine-phosphorylated uponHGA treatment, and its tyrosine
phosphorylation is abolished by preincubation of L6 cells with
PP1. Thus, Src may directly regulate PKC� activity in response
to HGA. Furthermore, these effects appear to be RAGE-medi-
ated as a soluble form of RAGE was able to prevent both HGA-
induced Src and PKC� activation. PKC activity is implicated in
v-Src-induced intracellular signals. In the rat large intestine
1,25-dihydroxyvitamin stimulates the physical association of

activated c-Src with PLC� and activates two Ca2�-dependent
PKC isoforms (47). Similarly, activation of v-Src in BALB/c 3T3
cells rapidly increases the intracellular secondmessenger, DAG
via a typeDphospholipase/PAphosphatase-mediated signaling
pathway (48). These results are consistent with our findings
that HGA caused a Src-dependent increase in the amount of
DAG in L6 skeletal muscle cells. Moreover, we show that treat-
ment of L6 cells with the pharmacological inhibitor of PLC,
U73122, but not its inactive structural analogueU73343, almost
completely abolishes HGA-induced PKC� phosphorylation,
indicating that, in response to HGA, Src may increase the
amount of DAG via PLC. Thus, Src may control PKC� activity
by direct phosphorylation and by regulation of DAG intracel-
lular levels via PLC.
HGA-induced increase in DAG levels is not sufficient to

activate other PKC isoforms, as we have already described
(31). Previous work by Zang et al. (49) demonstrated that in
cells expressing the oncogenic v-Src, increased production
of DAG is accompanied by a selective activation of the � and
� isoforms of PKC, whereas the � isoform is not activated.
Furthermore, Pula et al. (50) have shown that in platelets
PKC� but not PKC� was activated in an Syk- and phospho-
lipase C-dependent manner. It has been proposed that spe-
cific DAG species are generated to activate specific PKC iso-
forms. Indeed, several reports have demonstrated that
different stimuli generate different DAG species, and PKC
isotypes are differentially sensitive to the fatty acid compo-
sition of DAG (51). Thus, it is possible that in L6 cells the lack
of activation of other PKC isoforms is due to specific DAG
produced by HGA stimulation.
We then hypothesized that HGA could activate Src via

RAGE. Reddy et al. (30) showed that S100B activates Src
kinase in a RAGE-dependent manner and that Src kinase is
required for the S100B-induced RAGE signaling, leading to
migration and inflammatory gene expression in vascular
smooth muscle cells. Co-localization of RAGE and Src has
been evidenced in caveolae (30), where Cav-1 plays an
important role in the assembly and integration of signaling
complexes (52, 53). It is well known that RAGE can activate
several downstream signaling pathways, including ERK1/2,
phosphatidylinositol 3-kinase, PKC, the Janus tyrosine
kinases (JAKs), and transcription factors, including STAT3,
AP1, and NF-�B (22, 26). Moreover, the cytoplasmic region
of RAGE is responsible for the binding of the signaling mol-
ecule(s). In intact cells, ERK1/2 have been identified as
RAGE-binding proteins. Binding to the intracellular region
of RAGE localizes ERK under the proximal region of the
plasma membrane, enabling the interaction between ERK
and its substrates (27). Our results are consistent with the
hypothesis that the formation of a multimolecular complex,
involving RAGE, PKC�, and Src kinase, occurs in response to
chronic HGA treatment. Indeed, coprecipitation experi-
ments showed that in L6 cells Src kinase interacts with both
RAGE and PKC�. RAGE cytoplasmic domain might also be
involved in the interaction of RAGE with both Src and
PKC�. Fine mapping of the interaction sites between Src,
PKC�, and RAGE is currently under investigation in our
laboratory.

FIGURE 11. Effect of LAD and HAD on PKC�, Src, and RAGE association in
vivo. Tibialis muscle homogenates from mice fed LAD or HAD for 22 weeks
(w) (a) or for 9 weeks (b) were precipitated (IP) with preimmune serum (PI) or
with selective anti-RAGE antibodies and immunoblotted with anti-PKC�,
anti-Src or anti-RAGE antibodies. The autoradiographs shown are represent-
ative of four independent experiments.
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Overlay blot assays revealed that, in response to HGA, a 180-
kDa protein, identified as IRS-1, and Src may directly bind
PKC�. Thus, HGAmay induce direct interaction of PKC�with
IRS1 and Src. IRS1, or less likely Src, in turn may bridge RAGE
interaction with PKC�, the latter two having no direct interac-
tion. Indeed, our experiments in L6 cells transfected with IRS-1
ribozyme indicate that IRS-1 is required for RAGE-PKC� co-
precipitation and activation in response to HGA. This is con-
sistent with our previous findings showing that IRS-1 but not
IRS-2 expression is necessary to allow classical PKC activation

in response to insulin (39). Thus,
one might speculate that, in
response to different stimuli, PKC�
is involved in the formation of dif-
ferent specific multimolecular com-
plexes, which modulate insulin sen-
sitivity. In this paperwe also provide
evidence that dietary AGEs are able
to affect insulin sensitivity and glu-
cose tolerance in vivo. These effects
were AGEs-specific and not caused
by hyperglycemia, as C57/BL6 mice
fed a HAD for 9 weeks show a
reduction of insulin sensitivity
despite no significant differences in
fasting glucose levels (Table 3). Pro-
longed exposure to HAD subse-
quently led to higher fasting glucose
levels after 11weeks of diet up to the
end of the treatment comparedwith
mice fed a LAD despite equal food
intake and weight gain. Throughout
this period HAD-fed mice appear
consistently hyperinsulinemic in
fasting conditions and exhibit
increased non-esterified free fatty
acid and triglycerides levels com-
pared with LAD-fed mice. Because
glucose tolerance is also slightly
impaired at 22 weeks of HAD, it is
conceivable that dietaryAGEs affect
insulin secretion in addition to
insulin action. This is consistent
with the evidence that accumula-
tion of islet AGEs could be impor-
tant for glucotoxicity toward �-cells
(54). Furthermore, insulin-induced
PKB phosphorylation and glucose
uptake are dramatically reduced in
tibialis and quadriceps muscles of
HAD-fedmice. Impairment of insu-
lin metabolic signaling is accompa-
nied by an increase in PKC� specific
activity in tibialis muscles from the
HAD-fed mice, showing again that
the mechanism by which HGA
exacerbates the insulin-resistant
state in intact cells also occurs in

vivo. Moreover, an increase in PKC� specific activity in tibialis
muscles from the HAD-fed mice appeared to be associated to
the increase of the RAGE-PKC�-Src complex formation.
Increases of both PKC� and Src phosphorylation were also
observed when HGA was delivered either by direct intramus-
cular or by intravenous injection in mice. These observations
further support the in vivo relevance of HGA and the conclu-
sion that the differences in LAD- andHAD-fedmice are largely
due to AGEs. In summary, our data suggest that AGEs-induced
PKC� activity in the muscle might be mediated by the forma-

FIGURE 12. Effect of glycated albumin on PKC� and Src activation in vivo. 4-Week-old female mice of the
C57/BL6 strain were injected with 50 mg/kg of HGA or HA or PBS either directly in the quadriceps (GA-Im: a, b,
c, and d) or in the tail vein (GA-Iv: e, f, g, and h) as described under “Experimental Procedures. a and c, muscle
tissue lysates from muscle-injected mice were blotted with anti-phospho PKC�, and PKC� phosphorylation
was analyzed by densitometry. b and d, muscle tissue lysates from muscle-injected mice were blotted with
anti-phospho Src Tyr416 antibody and Src phosphorylation was analyzed by densitometry. e and g, muscle
tissue lysates from tail vein-injected mice were blotted with anti-phospho PKC�, and PKC� phosphorylation
was analyzed by densitometry. f and h, muscle tissue lysates from tail vein-injected mice were blotted with
anti-phospho-Src Tyr416 antibody, and Src phosphorylation was analyzed by densitometry. A representative
autoradiograph is shown. Bars represent the mean � S.D. of three different experiments. *, statistically signif-
icant differences (*, p � 0.05).
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tion of a RAGE-PKC�-Src-IRS1 complex both in vitro and
in vivo.
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